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INTRODUCTION
Epithelial tissues line most of our organs and consist of epithelial cells that are polarized along the apical (top) basal (bottom) axis and are attached to each other through lateral cell-cell junctions called Adherens Junctions (AJ). Next to mediating intercellular adhesion, AJs also support mechanical coupling between cells (Lecuit and Yap, 2015) . During development, steps of neighbor exchange through polarized cell intercalation can promote tissue elongation, as seen in the Drosophila germband (Bertet et al., 2004; Blankenship et al., 2006; Tetley et al., 2016; Zallen and Wieschaus, 2004) , convergent extension during mouse gastrulation (Yin et al., 2008) and renal tube development in mice (Karner et al., 2009) or Xenopus (Lienkamp et al., 2012) . In addition, MyoII promotes the intercalation of newly specified photoreceptors to assemble the ommatidium, which is the physiological unit of the retina (Robertson et al., 2012) . In all these contexts, most steps of cell intercalation that have been studied occur over tens of minutes.
The mechanisms of germband elongation in Drosophila are particularly well understood. In this tissue, intercalation occurs between four cells or higher order sixcell multicellular rosettes. The orientation of intercalation is regulated by upstream spatial information, which instructs dorso/ventral (D/V) AJs to shrink and subsequent antero/posterior (A/P) AJs to elongate (Pare et al., 2014; Zallen and Wieschaus, 2004) . A polarized cytosolic contractile actomyosin meshwork present in the A and P cells pulls on the D/V junctions (Levayer and Lecuit, 2013; Rauzi et al., 2010) to power shrinkage of the D/V AJs. Concomitantly, non-muscle Myosin-II (Myo-II) accumulates at the D/V AJs where it ratchets the contractile forces applied onto these AJ by the cytosolic contractile actomyosin meshwork (Bertet et al., 2004; Blankenship et al., 2006; Rauzi et al., 2010; Zallen and Wieschaus, 2004) . In the germband, the exact relationship between the pulsatile-contractile actomyosin meshwork and the AJ pool of actomyosin is not fully understood, but several key stalling of CC intercalation at the early AJ shrinkage stage in 72% of the scored ommatidia, and at the four-way vertex in 18% of the scored ommatidia ( Figure 3B -C).
In order to refine this analysis, we transiently inhibited endocytosis for 4hrs during each of the three stages of CC intercalation: 20%APF (A/P-CC AJ shrinkage), 24%APF (four-way vertex) and 28%APF (Pl/Eq-CC AJ elongation ( Figure 3D-F) . In all three cases, CC intercalation was stalled at either the A/P-CC AJ shrinkage and/or four-way vertex stage ( Figure 3G ). Endocytosis inhibition at 24%APF had the greatest impact on CC intercalation, whereas inhibition at 20%APF and 28%APF had milder comparable effects (Figure 3G) . Altogether these results demonstrate that endocytosis is required in the CCs in order to shrink the A/P-CC AJ.
Inhibition of endocytosis in the CCs could cause a stalling of cell intercalation or affect the stability of intercalation, causing intercalation to reverse. In order to distinguish between these possibilities, we performed time-lapse imaging of flies expressing UAS-shibire ts1 in the CCs. We found that inhibition of endocytosis caused a failure in A/P-CC AJ shrinkage (Movie S2). However, we also noted that CCs at the four-way vertex stage could revert to the initial CC configuration ( Figure 3H ).
Therefore, endocytosis is required at multiple steps of CC intercalation.
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Roughest and Hibris are required for CC intercalation.
Next to mechanisms of Myo-II contractility, adhesion is an essential regulator of cell shape (Hayashi and Carthew, 2004 .
We hypothesized that heterophilic adhesion through Hbs and Rst might be a good candidate mechanism for regulating CC intercalation. To test this hypothesis, firstly, we made use of endogenously tagged Rst::GFP and Hbs::GFP to assess their expression in CCs ( Figure 4A -F). We found that both these adhesion molecules were localized at the CC AJs shared with the surrounding PPCs. In addition, we noted that both Rst and Hbs were also detected at the AJ shared by the two PPCs Figure 4G '), and more profound defects in CC configuration suggesting CC sorting defects ( Figure 4G '''). Notably, decreasing the expression of hbs in the Eq-CC and Pl-CC led to limited defects in intercalation, while decreasing its expression in the A-or P-CC led to the stronger defects in CC configuration reminiscent of cell sorting defects ( Figure 4G ''' and 4J). These sorting defects consisted of the A-or P-CC minimizing their interface with their PPC neighbor, indicating in the A-and P-CC, Hbs is part of a preferential adhesion system with the surrounding PPCs. Therefore, during CC intercalation, there is a differential requirement for Hbs in the Pl/Eq-CCs and A/P-CCs. Next, we examined the requirement for Rst and found that decreasing its expression in the Pl-and Eq-CCs interfered with CC intercalation in 10% of the cases ( Figure 4H -H', quantified in 4K). These experiments suggest that an adhesion 1 0 code, which includes Rst and Hbs is at play during CC intercalation and our mosaic analyses suggest that part of the instructive code resides in Rst being specifically required in the Pl-and Eq-CCs.
CC intercalation is regulated by the neighboring PPCs.
Most Rst-Hbs staining in the CC is detected at their AJs with the surrounding PPCs ( Figure 4C ''-4F''). This suggests that the PPCs might influence CC intercalation through these proteins. To test this suggestion, we examined ommatidia presenting one or both PPCs deficient for hbs or rst. Our mosaic experiments using RNAi confirmed that Hbs is not required in the PPCs to promote CC intercalation (Grillo-Hill and Wolff, 2009) ( Figure 4L ). However, we found that when Rst expression is decreased in one PPC (A or P), or both the A/P-PPCs, CC intercalation was affected ( Figure 4I -I', quantified in 4M). A role for Rst in the PPCs is consistent with these cells presenting Rst at their AJ with the CC, where it would bind Hbs in trans.
Altogether, these results suggest that the Hbs-Rst interaction at the CC/PPC AJ regulates the intercalation of the CC. We also note that in some cases, decreasing the expression of rst in a PPC leads to a shift in the position of the PPC-PPC AJ with respect to the Pl/Eq axis of the ommatidium ( Figure 4I ). This is consistent with Rst in the PPC regulating adhesion between the PPC and Pl/Eq-CC.
Notch signaling regulates CC intercalation.
Previous studies have shown that the expression of Hbs in the PPCs is regulated by Notch (N) (Bao, 2014) . This link between the Neph/Nephrin-like adhesion system and N-signaling prompted us to investigate the role of N during CC intercalation.
Firstly, we examined the distribution patterns of N and its ligand Dl before and after CC intercalation using live imaging of functional GFP-tagged proteins ( Figure 5A -B) (Corson et al., 2017; Trylinski et al., 2017) . At the onset of CC intercalation, we found that N was present at the apical cortex of all CCs ( Figure 5A ) whereas Dl was highly we found that expressing Brd R in the A-and P-CCs led to intercalation defects ( Figure 5L ). These results, together with the finding that Rst is required in the Pland Eq-CC during CC intercalation raised the possibility that N signaling promotes CC intercalation by regulating preferential adhesion within the CC quartet and between these cells and the surrounding PPCs.
Modeling adhesion and MyoII contributions during CC intercalation.
To assess the roles of Rst and Hbs mediated adhesion and MyoII driven contractility within the ommatidium, during CC intercalation, we set up and ran vertex model simulations of the ommatidium. We calculated the tension values as weighted averages of MyoII and Rst/Hbs adhesion contributions, with MyoII being directly proportional and adhesion being inversely proportional to the effective tension of a junction. The tension values are calculated independently for intensity measurements before and after the intercalation ( Figure 6A -B), normalized to the average of the non-shrinking, non-elongating adjoining CC AJs. Where available, we corrected for the tension values with laser ablations (Movie S4 and S5 and Figure 6C ) and applied these tension values on ommatidia clusters of the corresponding topology ( Figure 6D for before intercalation topology). We then searched for the tension values that will drive the intercalation in pre-intercalation topologies, and maintain the intercalation in post-intercalation topologies. The tension ranges are obtained from variation of the MyoII averaging weight by 0, 30, 50, 70 or 100 per cent. In addition to varying the junctional tension, we simulated a range of cytosolic MyoII contractility levels 1 3
corresponding to the PPC, whereby contractility in these cells applies tensile forces on the CC cluster ( Figure 6D , dashed red lines; Figure 6E , F, inner myosin mesh).
Our simulations suggest that tensions based on solely MyoII or solely on Rst /Hbs adhesion levels cannot drive CC intercalation ( Figure 6E , top and bottom rows).
Starting from the pre-intercalation topology, CC intercalation can only be simulated when the contributions of adhesion protein and MyoII levels are considered together ( Figure 6E , rows for MyoII contribution 50 and 70 per cent). The stability of the topology after intercalation has a larger stable range, in that there are more possible stable set-ups, however the contribution of both MyoII and adhesion must still be taken into account ( Figure 6F ). In both sets of simulations, the loss of stability in the unstable simulations (grey areas in Figure 6E -F) stems from delamination or intercalation of the IOCs.
One key prediction of the vertex model simulations is that CC intercalation requires some level of tensile force applied by the PPCs to the CC quartet, as shown by the necessity of the inner myosin mesh . This suggests that contractile forces in the PPCs provide pulling forces that contribute in driving stable CC intercalation. To test this prediction, we used a high-power IR laser to perturb the contractile cytosolic meshworks that are present in the PPC ( Figure G ). Upon ablation, we observed a rapid change of PPC geometry and recoil, followed by a fast repair of the cytosolic meshworks ( Figure 6G -G'). These ablation experiments indicate that PPCs are contractile, and are consistent with the prediction that contractile forces outside the CC cluster are required to regulate their intercalation. 
CC intercalation depends on endocytosis but Myo-II is not essential
Cell intercalation is a main mechanism of epithelial tissue morphogenesis and is typically regulated by the RhoA-Rok-Myo-II pathway, which functions in the corresponding four intercalating cells (Mason et al., 2016; Munjal et al., 2015; Nishimura et al., 2012; Priya et al., 2015; Robertson et al., 2012; Simoes Sde et al., 2010; Simoes Sde et al., 2014) . In particular, polarized steps of intercalation that take place over tens of minutes can drive tissue elongation, as seen in the germ-band in Drosophila for example. However, our work, which builds upon previous reports that in the fly retina glial-like cells undergo intercalation over approximately 10 hours (Cagan and Ready, 1989; Grillo-Hill and Wolff, 2009) , shows that intercalation between these cells presents several departure points from faster modes of intercalation. Firstly, it does not lead to tissue elongation. In fact, the quartet of CCs elongates along the Pl/Eq axis that runs parallel to the shrinking A/P-CC AJ, suggesting mechanisms operate that constrain the CC area as intercalation proceeds. In addition, A/P-CC AJ shrinkage correlates with an equivalent increase in the length of adjoined Eq/Pl-CC AJs, indicating the relative balance amongst the CC-CC AJs is actively regulated. Such a compensatory mechanism concomitant to AJ shrinkage is not seen in the germ-band for example, where AJ shrinkage leads to a decrease in AJ perimeter (Bertet et al., 2004) . A good candidate for coupling A/P-CC AJ shrinkage and lengthening of the adjoined CC AJs is the endocytic recycling propose that Hbs-Rst adhesion at the A-CC/PPC and P-CC/PPC AJs contributes in occluding the Eq/Pl-CC junction along the Pl/Eq axis of the ommatidium by favoring the A-CC/PPC and P-CC/PPC contacts. This model would also explain why overall the CC quartet lengthens along the Eq-Pl axis of the ommatidium, even though the A-CC/P-CC AJ shrinks along this axis. (Linneweber et al., 2015) . In the case of the Eq and Pl-CCs this might mean that Hbs activity is lowered when compared to the A-and P-CC where we find no requirement for Rst.
Notch signaling regulates CC intercalation
We find that within the CC quartet, the CC-specific requirement of Rst in the Eq/Pl- 
Forces external to the intercalating quartet are required for intercalation
MyoII is a key surrogate for tensile strength in cell-cell junctions. Here our vertex model demonstrates the physical balance of forces for stable CC intercalation can only be captured when both Hbs/Rst mediated adhesion and MyoII intensities are jointly taken into account. We also find that the neighboring PPCs are required to provide additional forces to drive neighbor exchange. Our simulations and laser ablations are consistent with contractility in the PPCs regulating CC intercalation through promoting pulling forces onto the A/P-CC.
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MATERIALS AND METHODS

Fly strains
Flies were raised on standard food at 18°C. Crosses were performed at 25°C or 29°C as stated. The following fly strains were used:
;Ecad::GFP; (Huang et al., 2009 ;ubiGFP,FRT9.2;eyFlp.
;eyFlp;FRT40,GMR-myrRFP/CyO; rst::GFP;; (BL #59410).
;hbs::GFP; (BL #65321).
;UAS-hbsRNAi; (VDRC #105913, VDRC #40896).
;UAS-rstRNAi; (VDRC #951, VDRC #27223).
hsflp;;act>CD2>GAL4,UAS-RFP (BL #30558).
hs-flp;actin>y>gal4,UAS-mCherry;armGFP/TM6.
;;UAS-Mam DN (BL #26672, (Helms et al., 1999) . Ni::GFP, a GFP knock-in allele (Trylinski et al., 2017) . Couturier et al., unpublished) .
E(spl)m3-HLH--GFP, a GFP knock-in line (
E(spl)mδ-HLH−GFP, a BAC transgenic line expressing GFP-tagged E(spl)m δ -HLH (Couturier et al., unpublished).
w;;FRT82B, ubi-nlsRFP (BL-30555)
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Clonal analysis
To generate single cell clones, hs-flp;;actin>CD2>gal4,UAS-RFP or hs-flp;actin>y>gal4,UAS-mCherry;arm-GFP/TM6 were crossed to UAS-transgenes of interest. Flies were heat shocked at third instar larval stage at 37°C for 10-15 mins and then dissected 2-3 days later at 40%APF (25°C).
Inhibition of endocytosis using shibire ts1
;;UAS-shibire ts1 flies were crossed to prosGal4 flies and raised at 25°C until the stated time of development, then transferred to 31°C to block endocytosis for either 4hrs or overnight. Retinae were dissected at 40% APF and scored for progression of CC intercalation.
Antibodies and immunostaining
Pupae were staged at 25°C or 29°C to 40%APF then retinae were dissected in PBS on ice and fixed in 4% paraformaldehyde for 20mins at room temperature (RT). oil objective was used for imaging of whole retina for quantification and a 63x oil objective was used for higher magnification images.
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Image processing
All images presented were processed using FIJI (Schindelin et al., 2012) and AdobePhotoshop CS4 (Adobe). Graphs were produced in Excel (Microsoft), GraphPadPrism 7 (GraphPad) or MATLAB R2017a (Mathworks). Figures were mounted in Adobe Illustrator CS4 (Adobe).
Statistical tests
Statistical tests were performed in GraphPad Prism 7. Data was compared using a Ttest (paired or unpaired as appropriate) or One-way ANOVA with Tukey's post-hoc tests. 
Time-lapse imaging
Laser ablation
;Ecad::GFP pupae were raised and mounted as for time-lapse imaging experiments.
PPC-PPC and IOC-IOC AJ ablation were performed using a Zeiss LSM880 microscope with a Plan Apochromat 63x/NA1.4 oil objective using 740nm multiphoton excitation from a Ti-sapphire laser. An ROI of 3x3 pixels was drawn over an AJ and ablated with 5-10% laser power at the slowest scan speed for 1 iteration.
Images were acquired every 1sec after ablation. Settings were optimised by imaging sqh AX3 ;sqh::GFP; flies during ablation to ensure only the AJ-associated Myo-II was removed and that the medial meshwork of Myo-II remained intact. The AJs repaired after every instance of ablation, indicating that the cell was not damaged. Positions of the two adjoining vertices after ablation were manually tracked using FIJI and the distance between them calculated at each frame after ablation. Recoil velocity was calculated by a linear fit across the first frames after ablation. One-way ANOVA was performed in GraphPad Prism7 to compare stages.
CC area through time
The Tissue Analyser FIJI plugin (Aigouy et al., 2010) with manual correction was used to segment the CCs on a time-lapse (5mins/frame) of ;Ecad::GFP; retinae. The areas of individual CCs were then measured and averaged across four ommatidia.
CC axes length through time
The CC-PPC AJ perimeter of the CC cluster was traced manually using the Freehand selection tool in FIJI on every 20th frame (100mins) of time-lapse of ;Ecad::GFP; retinae. To measure A/P and Eq/Pl axes length an ellipse was fitted over the CCs, measured over time and then expressed as a ratio. Measurements were averaged for each time point over 13 time-registered ommatidia from two independent retinae.
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AJ perimeter measurements AJ lengths were taken as the inter-vertex distance and were measured manually on each frame of time-lapse movies of ;Ecad::GFP; retinae using the line tool in FIJI.
Measurements were averaged from 13 time-registered ommatidia from two independent retinae.
Cross-correlation of AJ length
Curves of AJ length over time for the CCs were smoothed by taking a five point moving average. Data were detrended by taking the running difference to find the change in AJ length over time. Cross-correlation was performed in R statistical package using the ccf function. The mean cross-correlation function was calculated as the average correlation coefficient at each time lag across 13 ommatidia from two independent retinae. 
Scoring of progression of CC intercalation
Retinae were dissected at 40% APF, fixed and stained for Arm to label the AJs.
Whole retinae were imaged with a 40x objective taking a Z-series in 0.5μm slices in two tiles. Tiles were manually aligned and combined using Align3 TP plugin in FIJI.
Ommatidia were manually scored for stage of CC intercalation across whole retina. 
Theoretical modeling
The ommatidium is modelled using the well-established cellular vertex model (Farhadifar et al., 2007) . In vertex models, the cells are described by the polygons cells are selected as the base, similar to experimental intensity measurements depicted in Figure 6A -B. A weighted average of the adhesion and myosin intensity measurements ( Figure 6A&B ) are used as surrogate for scaling tension values (Sup Table 1 ). To scale the tension contribution of adhesion to a cell-cell junction, the base tension level is scaled inversely to normalized adhesion intensity of the junction. For scaling myosin levels, the tension is scaled directly proportional to normalized myosin intensity. This is given in the following equation:
Here, (w) are the averaging weights of myosin and adhesion and (c) are the normalized intensities. For the laser ablated connections, in the pre-intercalation (early) phase, PPC bond, and IOC-IOC bonds on the sides and top & bottom of the ommatidium were not significantly different, therefore were equated to PPC tension value. During the post-intercalation (late) phase, the PPC contact and IOC-IOC contacts on the sides of the ommatidium were not significantly different, whereas the tension on the top & bottom IOC-IOC contacts was 51 percent higher ( Figure 6C ).
The laser ablations depict the true tension of a bond, and model parameters are scaled accordingly where information is available (Sup Table 1 3 4 
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